Radiation-induced permanent degradation and single event transient effects for optocouplers are discussed in this paper. These two effects are independent to the first order and will be addressed separately. Displacement damage-induced degradation of optocoupler current transfer ratio is reviewed. New data are presented that show the importance of application specific testing and that generalized quantification of optocoupler CTR degradation can lead to incorrect predictions of actual circuit performance in a radiation environment. Data are given for various circuit loading and drive current parameters. Previous work that introduces the idea that two mechanisms exist for inducing transients on the optocoupler output is discussed. New data are presented that extends the evidence of this dual mechanism hypothesis. In this work measurements show that single event transient cross sections and transient propagation varies with circuit filtering. Finally, we discuss utilization of the optocouplers in the space environment. New data are applied to two examples: one on permanent degradation and the other on single event transient rates in high bandwidth applications.
I. INTRODUCTION
Optocouplers provide DC isolation between circuit blocks which increases the reliability of space-born instruments. Optocouplers vary in design and functionality, both of which can impact its response to a radiation environment. Figure 1 depicts a typical optocoupler.
Optocouplers are generally constructed of two die, separated by an optically transparent but electrically isolated medium. Information is transferred by light generated by a light emitting diode (LED), and sensed by a photodetector. The detector is either a phototransistor or a photodiode. The reader should review [ l ] for a description of optocoupler construction techniques.
A. Review of Permanent Degradation of Current Transfer Ratio
Past studies show permanent degradation of an optocoupler's current transfer ratio (CTR) occurring when it is exposed to a radiation environment [2, 3, 4] . Current transfer ratio is the photodetector collector current divided by the LED drive current. Bames et al. [4] explored radiation degradation for typical optoelectronic devices designed in the 1980's. Gamma ray and neutron degradation were included in their discussions. From that early work, it was learned that optocouplers containing amphoterically Si doped GaAs LEDs and Si phototransistors could be especially sensitive to displacement damage. Optocouplers manufactured with GaAsP LED and a Si photodiode performed better.
Recent studies show increased degradation of CTR for modern commercial-off-the-shelf (COTS) optocouplers [ 1,5]. Rax et al. [l] characterized two types of optocouplers for radiation damage by gamma rays and protons. Both types contained a Si phototransistor. One contained a Darlington phototransistor constructed as a sandwich structure with a GaAlP LED. The other optocoupler contained an AlGaAs side emitting LED. The AlCaAs doped devices degraded the most.
The exact mechanism for the poor performance of the class of devices that contained amphoterically doped LEDs is not known. However, studies [2, 3, 4] show that displacement damage plays an important role. The recent study [l] dissected the optocouplers and determined that CTR degradation due to displacement damage in the LEDs was the major contributor to the degradation of modern optocouplers. The degradation of optocoupler CTR can cause spacecraft failures. In fact, the failure of the TOPEXlPoseidon spacecraft was attributed to the use of optocouplers manufactured with amphoterically doped LEDs. These devices failed after the accumulation of 1.2~10" protons/cm2 PI.
B. Review of Single Event Effects
Optocouplers are also susceptible to temporary radiation induced effects called single event transients (SETS) The result of using the high bandwidth devices to isolate circuits that must function in a radiation environment can be a SET on the output of the optocoupler. If the SET propagates through follow-on circuitry, then system operation maybe impacted. A description of the effects of transients on the Rubble Space Telescope (HST) is given in LaBel et al. 1161.
C. Current Issues
The current understanding of displacement damage degradation of each component of an optocoupler will be reviewed. New CTR degradation data will be presented showing the impact of using non-application specific radiation test data. New SET test data will be presented that supports the assumption about the mechanisms for inducing a transient presented in [6] . SET mitigation technique using circuit filtering is validated showing that application specific testing should be required. In the final section of this paper we will give two examples of using optocouplers in the space environment. We also discuss methodologies used to predict optocoupler performance in the space radiation environment.
FACILITIES
The 63 MeV proton measurements were performed at the Crocker Nuclear Laboratory (CNL) cyclotron located at the University of California at Davis where the dosimetry accuracy is know to be about 10% The 195 MeV proton exposures were carried out at the Indiana University Cyclotron Facility (IUCF) where dosimetry accuracy is known to be about 10%.
Loma Linda University Medical Center (LLUMC) synchrotron facility was used to perform 53 MeV proton irradiations. The dosimetry is believed to be accurate to within 20%. TRI-University Meson Facility (TRIUMF) at the University of British Columbia provided protons with energies between 65 and 225 MeV. Both ion chamber and plastic scintillator telescopes were used to measure the proton fluences, and the dosimetry is good to about 10%. The National Superconducting Cyclotron Laboratory (NSCL) located at Michigan State University was used for the 240 MeV He (0.064 MeV-cm2/mg) measurements. Dosimetry was performed using a real time parallel plate avalanche counter (PPAC). The measured fluences are expected to be accurate to within 30%.
PERMANENT RADIATION DAMAGE
Components contained in optocouplers can show performance degradation when exposed to certain radiation environments. The exact mechanism for degradation depends on the details of the type of optocoupler, the circuit in which it is used, and the radiation environment to which it is exposed. For example, Figure 2 compares 195 MeV proton exposures of a Texas Instruments (TI) 4N49 to that for gamma ray exposures. Proton irradiations cause significantly larger degradation than gamma ray exposures at equivalent doses. This type of optocoupler response is due to the greater amount of displacement damage for proton over gamma exposures [I] . Figure 2 shows that one must use the appropriate combination of degradation information to predict accurate performance in a mixed radiation environment.
A. Displacement Damage Degradation Mechanism
Optocoupler CTR can be degraded by displacement damage or TID effects. Displacement damage can affect the overall CTR of optocouplers by three different mechanisms: (1) degrading the lifetime in the photodetector, thereby reducing responsivity, (2) reducing the gain of the transistor used in basic types of optocouplers, and (3) reducing the light output of the LED. All three mechanisms have been observed, but mechanisms (1) and (3) are the most significant.
TID can degrade the light output of LED, the light transmitted by coupling medium, andor the conversion of light to electrical signal by the photodector [1, 4] . In this section we will focus on displacement damage effects with warning that for certain optocouplers TID effects can be the dominate mechanism.
I ) Silicon Responsivity. The effect of lifetime damage on silicon responsivity depends on the light wavelength as well as on the underlying construction of the photodetector. For example, the absorption coefficient, a (distance required to decrease the intensity by a factor of l/e compared to the value at the surface) of two commonly used wavelengths are as follows:
Most of the light is collected by diffusion, with significant light collection over a distance of approximately 3a, unless the underlying region is physically limited to thinner dimensions. The minority carrier difhsion length, L, is given by
(1) where D is the diffusion constant and z is the minority carrier lifetime. The photoresponse will begin to be affected when the lifetime is reduced to the point where L < 3a. Displacement damage reduces the minority carrier lifetime by the equation
(2) where Q is the proton fluence in p/cm2; KI is the lifetime damage constant in psec/cm2; and A( I h ) = I/T -1 /~ is the change in reciprocal lifetime after irradiation. For the two wavelengths considered above, the 50 MeV fluence required to reduce the photoresponse by 20% is then 3 x 10" p/cm2 for a wavelength of 890 nm, and 6.5 x 10" p/cm2 at 700 nm. This calculation assumes a lightly doped p-substrate for both cases, and does not take into account the fraction of the light that is collected in the depletion region. This example does not apply to the HP devices discussed later in this paper and in [6] . They contain a photodiode fabricated monolithically in HP's bipolar IC process. The responsivity is on the order of 30%, the junction region is on the order of 2 microns, and there is no lightly doped p substrate [6].
Phototransistor Gain Degradation.
Phototransistor gain is also affected by displacement damage, although this is only a factor for basic optocouplers that use simple one or twotransistor amplification stages such as the 4N49 and 6N140. The Darlington configuration further reduces the sensitivity of the 6N140 to transistor gain degradation [6] (the best performance observed to date is on the HP 6N134 which contains a photodiode). Gain degradation can be described by the equation
where A( l/hFE) is the change in the reciprocal of the commonemitter current gain, hFE ; Kz is the lifetime damage constant similar to that discussed earlier; and fT is the gain-bandwidth product.
Typical phototransistors have fT values of approximately 300 MHz, resulting in degradation of only a few percent at the fluence levels where significant changes occur in photoresponse. Thus, gain degradation is generally negligible compared to the other terms.
3. LED Degradation. Displacement damage studies on lightemitting diodes in the early 1980's showed that LED degradation could be described by a model in which radiationinduced recombination centers decreased the minority carrier lifetime. Consequently, the relative fraction of the injected current that went into non-radiative recombination is increased [4] . The earlier work showed that amphoterically Si-doped LEDs (these are also GaAs-based) were far more sensitive to proton displacement damage than either GaAs or AlGaAs LEDs. The AlGaAs device in the earlier work had a wavelength of 820 nm.
Damage constants for the amphoterically doped devices were about 300 times larger than for the other LED technologies.
More recent work [l] on AlGaAs LEDs with longer wavelengths (880 nm) showed that far more degradation occurred than indicated by the early study. The reason for this has not been established, but it may be due to improvements in LED fabrication technology that increase efficiency. Damage constants for the new technologies are of the same order of magnitude as the amphoterically doped devices used in the earlier work [ 1, 4] . GaAsP devices (700 nm wavelength) have much lower damage constants.
Degradation of AlGaAs LEDs is so severe that optocouplers using that particular technology are severely degraded at proton fluences of 2 x 10'' p/cm2, dominating the performance of optocouplers that use them. Optocouplers with GaAlP LEDs experience only slight LED degradation, and those devices are dominated by the photoresponse of the detector. The result is that optocouplers at 700 nm are about two-orders of magnitude more tolerant than devices operating at 880 nm. 
B. Displacement Damage Degradation Testing and Predictions
The most straightforward way to evaluate displacement damage is by irradiation with neutrons, using a high neutronto-gamma ratio in order to minimize ionization damage. However, the equivalence between neutron and proton damage is different for silicon and 111-V devices, so one must know how the various mechanisms contribute to the overall degradation of CTR in order to establish the correct equivalence between the different environments.
Proton tests can be done in a relatively straightforward manner, but the displacement damage is strongly affected by proton energy. Ionization damage from protons will also contribute to degradation in the photodetector and transistor, further complicating the interpretation of test results.
Whether neutron or proton testing is selected for evaluation of CTR degradation by displacement damage, accurate space flight predictions rely on the knowledge of how the optocoupler degradation varies with particle energy. In the absence of measured CTR data, nonionizing energy loss (NIEL) curves must be known over proton energy if proton testing is selected. For neutron testing one must know not only NIEL over proton energies but also NIEL over neutron energies and the relationship betweefi protons and neutrons. Truly accurate predictions require NIEL spectra for each semiconductor used in manufacturing the optocoupler and knowledge of how each component degrades to displacement damage.
For purposes of quantifying displacement damage from combinations of particles across various energy ranges, NIEL Non-application specific displacement darmage characterization of CTR degradation given in some archival databases and joumals are typically performed by holding the phototransistor collector-emitter voltage (V,,) constant while measuring the CTR. Data presented in the next sub-sections will show that utilization of data collected with constant V,, may lead to incorrect prediction of the actual degradation for certain applications.
I ) Experimental Test Setup, Facility and Pre-irradiation
Values. Figure 3 shows the experimental setup. Two HI' high precision voltmeters were used to monitor the voltage drop across RI and RL. Two independent power supplies were used to sweep VI and Vo. Sweeping VI causes the LED drive current (If) to change values. The drive current is computed from the ratio of the voltage drop across R1 to the resistance (RI). Sweeping Vo causes the phototransistor V,, to change values.
The collector-emitter voltage is the difference between Vo and the measured voltage drop across RL. The collector current (IC) is computed from the ratio of the voltage across RL to the resistor value (RL). The optocouplers used in this portion of the study were Texas Instruments 4N49. It contains a side emitting LED and a phototransistor. IUCF was the facility used to conduct the irradiations. (analogous to the saturation region for simple transistors).
As was described in the previous section, displacement damage can degrade each component of an optocoupler. The impact of this degradation is seen in how the shapes of the curves shown in Figure 4 change with radiation damage. These shapes of the curves can change when the optocoupler is exposed to either an environment that induces displacement damage or deposits total ionizing dose. If V,, is held at a constant value during testing, then the response of the device to radiation will be different than the case where V,, is changing due to radiation-induced effects.
2)
Experimental Results and Discussion. Consider the following thought experiment involving two forward currents: If= 8mA (analogous to saturation region for simple transistor) and If= 1mA (analogous to active region of simple transistor). Further assume that the major degradation mechanism is LED light output degradation (believed to be the dominate mechanism for this type of optocoupler). Light output degradation of the LED is analogous to a reduced base current in a simple transistor. Reduced light output due to radiation can also be viewed as having the same effect as reducing the forward current in an unirradiated device, i.e. degraded light output due to radiation or reduced drive current will both reduce IC. If the forward current is changed while the device is in saturation, the collector current, and hence the CTR, will remain essentially constant. However, if the forward current is changed when operating in the active region then the optocoupler IC will change. It is easy to see from this thought experiment that different values for V,, will give different radiation responses.
The data represented by solid filled symbols connected by solid lines in Figure 5 show a comparison of the CTR degradation at two different loads (RL) for the same device. Vo was set so the initial VC,=0.3V for both loads. The test conditions that existed during the 2.7 ohm measurements are consistent with holding V,, constant at 0.3V. We note that the . CTR for the case where the load was 2.7 ohm degraded by almost 50% of its original value after an exposure of 1x10" p/cm2 while the 1 kohm load degradation was 92% of the original value. This is nearly a factor of two difference for the same initial conditions.
The dashed lines in the figure show the radiation-induced change of V,, with fluence for each load. For the 2.7 ohm load case V,, is remained constant at 0.3V. In the case where the load is 1 kohm, V,, increased with increasing fluence.
Radiation degraded the output of the LED, as evident in the 2.7 ohm loading, but for the 1 kohm loaded case output degradations was compensated for by an increase the emittercollector voltage. These data clearly show that a significantly inaccurate prediction of CTR degradation would occur if application specific testing was not carefully done for this type of application.
The data represented by the unfilled squares in Figure 5 show the CTR degradation for a fixed V,, of 5 V. The last data point on this curve shows a degradation of 29% of the original value. Compare this to the 92% when V,, was allowed to change (1 kohm load). Data collected at VCe=5V over predicts the degradation in the 1 kohm load case by a factor of 4.6.
These data are clear evidence that, in order to accurately characterize the radiation degradation of CTR for optocoupler operating in the saturation region, one should test the devices using the exact application parameters. Several publicly accessible databases and journals give data collected at fixed Vce. These data can be used to obtain worst case estimates of degradation. Note that this technique could significantly over predict the degradation.
One suggestion to mitigate the effects of radiation degradation of CTR is simply to use the highest drive current possible while minimizing V,, for the desired collector current. This will drive the optocoupler into saturation. For example, comparing the data in Figure 4 Incidence Angle (degrees) Figure 6 . The order of magnitude increase in proton transient crosssection at grazing incidence is evidence of the direct ionization mechanism in the optocoupler photodiode [6] .
chosen then the device would be more susceptible to changes in LED output. Care should be given to reliability concerns when operating optocouplers in this mode [ 1,6].
IV. SINGLE EVENT TRANSIENTS
Several studies of single ionizing particle irradiations of optoelectronic devices have been published. Most of these studies focus on devices used in box-to-box communication links. It has been shown that a single ionizing particle passing through an optoelectronic device will free enough charge in the detector's depletion region to produce a voltage pulse on the electrical output. The pulse is classified as a single event transient (SET). These devices require a very small amount of charge to be freed to produce a change in the electrical output. In fact, the charge is so small that ionizations from a single proton can produce enough charge to change the state of the output. Several studies have concluded that direct ionization from protons will dominate the single event error rates in orbital proton environments.
In this section we examine proton-induced single event transients in high bandwidth optocouplers. This phenomenon was first reported by LaBel, et al., in [6] . Figure 6 , taken from that work, reveals the 63 MeV proton cross sections at varying angles for transients reported in that study. The key findings, in addition to the existence of direct ionization based protoninduced transient effects, were: high bandwidth devices appear to be the most susceptible, transients may persist on the output for >lo0 ns (this period seems to be determined by the bandwidth of the device), transients appear to be initiated in the photodiode receiver internal to the coupler, and it appears that transients can be initiated by direct ionization by protons at grazing angles of incidence onto the photodiode. In addition, it was suggested that filters implemented at the coupler output could prevent the transient from propagating to the follow-on circuitry. In this study, we further examine the possibility of direct ionization induced transients, and we report new measurements describing the efficacy of filterbased suppression circuitry.
We report new transient test data on two HewlettPackard versions of the 6N134, the HCPL-6631 and 6651. Proton Energy (MeV) Figure 7 . Proton-induced cross-section measurements at various proton energies and angles of incidence. The transient cross section for normal incidence does not vary strongly with energy above 60 MeV, but the enhanced sensitivity to grazing angle trajectories is only seen at the lower proton energies.
These are multi-channel hermetically sealed, high speed (10 MHz), high CMR (common mode (noise) rejection) TTL logic level output optocoupler in a ceramic LCC (leadless chip carrier). Data from this same device type are shown in Figure  6 . Each channel contains a GaAsP LED, which is optically coupled to a photodiode integrated with TTL level output circuitry. All Hewlett-Packard devices within this family use the same dies, and these tests are applicable to the whole family.
A. SET Mechanism
These data of Figure 7 indicate an almost constant cross section over the energy range from 68 MeV to 225 MeV for normally incident protons. Interestingly, there is a dramatic difference in the angular dependence between the higher and lower proton energies. The lower energy shows an increased cross section at near grazing incidence angles, similar to that measured on the same device and shown in Figure 6 . This dependence is taken to be evidence of events initiated by direct ionization by protons traversing across the diameter of the coupler's internal receiver photodiode. At the 225 MeV energy point, the enhancement at high angles is not detectable. We note the -42% decrease in -dE/dX at the higher energy (from 0.0082 to 0.0035 MeV-cm2/mg) and suggest that at the 225 MeV energy the direct ionization mechanism is no longer important.
The same test setup and devices were taken to MSU.
Data where collected at NSCL using the 240 MeV He ions.
Transients were observed at several angles of incidence up to 85 degrees. The transients are most certainly due to direct ionization. These data indicate that the threshold LET for near grazing angles is below 0.064 MeV-cm2/mg. This is consistent with the energy dependence seen in the proton data of Figure 7 .
An analysis of the typical operation of the HP6651 optocoupler was based on the internal components. Optoelectronic properties and geometric assumptions were given in ref [6] . This analysis showed that light from the LED typically generates 6.3~10' ion pairs (101 fC) in the detector to produce a signal on the output of the optocoupler. Note that this is not a threshold, but a typical value. The threshold (and corresponding critical charge) must be lower than this typical value. Following this analysis, we determined that the critical charge for initiating transients must be less than that deposited by a 35 MeV proton traversing the diameter of the diode. This agrees with the data above and is compelling evidence for the role of the direct ionization mechanism for grazing angle events.
B. SET Mitigation
Additional testing was performed at U.C. Davis Crocker Nuclear Laboratory using 63 MeV protons. The test circuit is depicted in Figure 8 , which replicates a typical circuit implementation of the optocoupler for a satellite application. Using this circuit, we examined the possibility of transients in both the illuminated and in the unilluminated states. We saw no evidence that events could be initiated while the LED was active.
Measurements were conducted using an embedded National Instruments@ VXI controller running Labview@ software. The core of the test was a 5 Gsps (Giga samples per second) digital oscilloscope manufactured by Tektronix@ (model TVS625) and its companion 1.5 GHz bandwidth active probe (model P6245). Additional equipment consisted of a VXI digital I/O for controlling and monitoring the test board, GPIB power supply for the support circuitry as well as the DUT, and current monitoring.
A DC signal from the experiment controller is buffered and fed to the optocoupler. The optocoupler open-collector output i s sampled by an oscilloscope with a high-speed, low capacitance active FET probe. It also feeds either an AC or ACT logic gate buffer (both being used in the application of interest). The transient monitored at the optocoupler output will exhibit the analog characteristics of the SET, but the buffered signal will generally be a clean TTL or 5V CMOS level signal. The buffered signal is sampled by a passive oscilloscope probe. The buffered signal is fed to a conditional inverter along with the DC signal controlling the optocoupler input. Thus, the output of the conditional inverter is always nominally logic level LOW, with a SET always appearing here as a positive-going pulse. Table 1 illustrates the circuit response to varying resistor combinations in the passive filter circuit. The event cross sections and event durations at the output of the analog circuit reflect the ability of the filter to shorten the transient duration and reduce the total number of events reaching the circuit output. In all cases, the value of Cf was 0 pf. For the cases shown, the more dramatic effect corresponds to the addition of a series resistance (Rf). The resulting RC network tends to suppress the transient propagation to the output, but it also compromises the circuit bandwidth, which in some applications may be unacceptable. 
ENVIRONMENT
This section will give a two examples of how optocouplers are used in the space radiation environment and will present topics that should be given careful consideration when predicting optocoupler performance. The first example is a DC/DC converter, a hybrid that contains an optocoupler. The second is SET data collected on an instrument on the Hubble Space Telescope.
1) Using optocouplers that Show Displacement Damage
Degradation in a Space Radiation Environment. Interpoint's MHF+2805S and MHF+28 12s contain a Hamamatsu optocoupler. These hybrids were selected for use on a NASA spacecraft.
The device was tested for Co-60 gamma irradiations and found to pass the mission requirements. Luckily for the program we found out by word of mouth that this hybrid contained an optocoupler that was known to fail at very low levels of proton fluence. Proton irradiations were carried out on a set of MHF+ devices. Figure 10 shows the how the output of the 5V and 12V converters changed with proton fluence. The exposures were done at LLUMC with 53 MeV protons. The converter output began to increase near 4.2~10" p/cm2 and by 6 . 0~1 0 '~ the output had nearly doubled for both parts. For fluence > 6 . 0~1 0 '~ p/cm2 the part was current limited.
A detailed analysis of the proton and neutron-induced displacement damage degradation of the converters and the optocouplers it utilizes ensued after these data were taken and is described in
The result of the study was that the optocoupler CTR was falling below the minimum required value for the device to function. Interpoint replaced the optocoupler on one of the failed devices and the part functioned normally.
Interpoint has since changed the manufacture of the optocoupler used in these hybrids. It should be noted that Interpoint manufactures high quality radiation hardened DC/DC converters, the MHF+ is a COTS hybrid not intended for use in a radiation environment.
[13].
Several issues should be considered when evaluating a device for potential space radiation-induced displacement damage degradation.
-Accurate failure predictions require application specific testing for both the orbit and the circuit configuration.
Mixed degradation mechanisms of TID and displacement damage make it difficult to quantify the exact amount of degradation that can be attributed to each mechanism.
Current understanding of NIEL in LED materials is not suitable for accurate rate prediction. Therefore, worst case analysis should be used.
Co-60 testing does not induce a significant amount of displacement damage. Proton testing must be carried out for each application.
Careful shielding analysis maybe required because of the increased damage for low energy secondary protons and neutrons.
Unknown sub-components contained in hybrids could be optocouplers.
Large uncertainty in the part to part variability in the initial CTR [l] .
Uncertainty in the how normal reliability concerns like lifetime and temperature impacts radiation-induced degradation [ 1,6].
2) Using Optocouplers that Experience Single Event
Transients in a Space Radiation Environment. The space telescope imaging spectograph (STIS) instrument was put into operation on board the Hubble Space Telescope (HST) during the February 1997 servicing mission. Since that time, the instrument electronics have been monitored for SETs due to particle hits on optocouplers. Figure 11 shows recorded SETs on a mercater map. SET rates are so high that the instrument is forced to discontinue operation during HST's passes through the South Atlantic Anomaly (SAA) proton regions. Outside of the SAA, the recorded SETs are due to high energy cosmic rays or solar event particles that penetrate down to the HST circular 600 km, 29" inclination orbit. In 280 days, 14 SETs have occurred on 2 devices outside of the SAA giving an actual SET rate of 2 . 5 0~1 0 -~ per device-day.
Single event transient testing was performed on the optocouplers at three proton facilities. The devices were irradiated at UCD [6] . Irradiations were also carried at ICUF with a 195 MeV proton beam at normal and grazing angle of incidence (results are not given in this paper). Figure 7 gives the results from TRIUMF proton exposures of this optocoupler.
Using parameters derived from the proton measurements above and the geometry assumptions given in [6] for the optocoupler, we estimate the SET rate of 1 . 5~1 0 -~ per deviceday using the cosmic ray environment for the HST and the rectangular parallelepiped (RPP) method in CREME96.
This example shows that the dominate mechanism for inducing SETS is not only orbit specific but system operation dependent.
There are several issues that should be considered when evaluating an optocoupler for space radiation-induced SETs.
Data must be collected using the exact application configuration Proton and heavy ion direct ionizations and protoninduced nuclear reactions both cause SETs to occur
The dominate mechanism will be depend on device type, orbit and potentially system operations Rate prediction technique should be the proper combination of the Bendel approach for proton-induced SETs and a modified integral right rectangular parallelepiped (MIRPP) [ 14 and 61 VI. CONCLUSIONS Evaluation of optocouplers for radiation effects is particular challenging because of the construction of the devices. They typically contain two die and a coupling medium. Each die is usually manufactured from different type of semiconductor. Various types of coupling media are used, for example: thick blobs of Si compound, a mound of carbonbound shards of Si02, thin layer of coupling compound, and air. These simple devices are, from a radiation effects perspective, complex hybrids that have various radiationinduced performance degradations that depend on the construction of the optocoupler and the radiation environment in which it is to be used.
In this paper we presented a reviewfdiscusston of displacement damage-induced degradation of the CTR and concluded that light output degradation for certain AlGaAs LEDs is the probable cause for reduced CTR, while for GaAlP sources the photoresponse of the detector was the major mechanism.
We also showed that generic testing of CTR degradation can lead to incorrect predictions of on orbit CTR degradation. An over prediction of degradation will occur if the devices are tested in the active region but used in saturation. The converse is true for testing in saturation and using the optocouplers in the active region. Also, testing at fixed V,, may not give results that are representative of the true degradation mode. We showed that for a loaded device, V,, will shift to higher values with radiation.
We presented further evidence that single event transients occurring on the output of an a optocoupler can be induced by direct ionization caused by a single proton based on the angular distribution of the cross section data at various energies. This was initially demonstrated in [6] and is supported by work presented on metal-semiconductor-metal (MSM) in this journal [15] . The SETS can be mitigated with circuit filtering, however the cost is reduced bandwidth.
Finally, we discussed utilization of the optocouplers in the space environment. These hybrid devices are complex from a radiation degradation perspective. True performance predictions require detailed knowledge of optocoupler construction, degradation mechanisms for each type of radiation, application specific radiation characterization, and through specification of the radiation environment and system operation. Special attention must be given to the use of NIEL curves to predict mission specific single energy proton equivalent fluences for assessing displacement damage effects.
